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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract
Food and drink processing industries are extremely large consumers of thermal energy as well as bio-wastes producers. The 
utilisation of bio-wastes for energy recovery appears to be a good opportunity to improve the overall efficiency of process 
industries. In this study, waste generation, management and energy auditing of a micro-brewery located in the north east of England 
is investigated. Fermented grains and hops are disposed as organic wastes after the production process. Hence, this study focuses 
on recovery of energy from these wastes through anaerobic digestion process. Experimental work was carried out in the laboratory 
for the wastes characterisation. The waste samples are then anaerobically digested at 55 ⁰C and 35 ⁰C with a 5L laboratory scale 
continuous stirred reactor using 5 gVSL-1 and 25 days organic loading rates and hydraulic retention times respectively. Further to 
the experimental work, simulations were completed to evaluate the feasibility of the process. ASPEN plus simulation software was 
used to carry out the simulations using a novel approach for AD which is based on the ADM1 model. The experimental results 
showed that biogas can be produced at mesophilic and thermophilic conditions: 3.0 and 2.6 litres per day respectively. At 
thermophilic conditions, the methane content is 65 % while at mesophilic conditions, it is 55%. It is also found that the values of 
the final biogas production from the simulation were similar to the ones obtained in the experiments (-6.85%).  However, the model 
would need further modifications to be able to accurately predict the biogas co positions. The result shows that the thermophilic 
process is able to fuel 126.01 kW boiler while mesophilic process can power 76.48kW boiler.
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1. Introduction
Food systems contribute 19%–29% of the global GHGs emissions, whereas agricultural production contributes 
80%–86% of total food system emissions including indirect emissions [1]. The quantity of bio-waste produced by 
Food and drink industries is considered to be one of the most serious environmental issues[2, 3]. These are large in 
bulk with their major outlet in agriculture specifically animal feed [4]. The major challenge is not only the bio-waste 
products produced but their bulk which if optimally utilized through anaerobic digestion (AD) will be capable of 
supplying all or part of the energy requirements of the industrial facilities [5]. Anaerobic digestion is the decomposition 
of biomass through bacterial action in the absence of oxygen. It is essentially a fermentation process and produces as 
product biogas, which is a mixture of methane and carbon dioxide with traces of hydrogen sulphide (0-1.5%) and 
ammonia (0-0.5%) [6, 7]. Temperature is one of the most important parameters to look after for an AD process as the 
microorganism that produces biogas are sensitive to temperature changes. [8]. There are three ranges of temperatures 
where AD can be implemented. These include a low temperature range where psychrophilic bacteria are present, a
medium range temperature for mesophilic operation and a high temperature known as thermophilic. From these three, 
the mesophilic and thermophilic are the most utilized[9]. Mesophilic process takes place at lower temperatures (30–
38oC) with a high hydraulic retention time (15-30 days)[10]. Thermophilic process takes place at higher temperatures 
(44–57oC) with a shorter hydraulic retention time (12-14 days). Studies have shown that thermophilic operation usually 
performs better in terms of biogas production and composition [11] [12]. The biogas presents a higher methane content 
as well as an increased destruction rate of organic solids, improved solids–liquid separation and increased destruction 
of pathogenic organisms. However, it drawbacks are: high sensitivity to temperature change; high energy requirements 
and increased energy loss to the environment compared to mesophilic process [9, 12-14]. 
In this work, a case study from the drink industry was evaluated.  In order to get accurate data, the plant was visited 
for a period of days and all the processes were mapped. During this stage, the energy flows and consumptions were 
determined. Using the energy audit methodology [15], data was collected within the visits. Once the brewery was 
visited and the energy audit carried out, samples of the waste were taken for further analysis. This study was not only 
limited to the characterisation of the waste, but also included, an experimental work on the feasibility of using the bio 
waste as feed for an AD process. Simulations of AD process and steam boiler was also investigated using Aspen Plus 
simulation tools. 
1.1. Anaerobic Digestion modelling
         Anaerobic digestion is a complex process, therefore the development of mathematical models to predict the 
dynamic process behavior has attracted considerable attention in the last two decades[16]. Back in the 1970’s, the first 
modelling approaches focused on describing the limiting step of the process like one developed by Hill and Barth [17].  
The incorporation of the acidogenesis and acetogenesis steps led to a new generation of models. These were more 
focused on the concentration of volatile fatty acids [18] and had a better representation of the process. In 2002, the 
International Water Association (IWA) Task Group for Mathematical Modelling of Anaerobic Digestion Processes 
developed the Structured Anaerobic Digestion Model no.1 (ADM1) [19]. Since then it has become widespread and 
generally acceptable AD modelling approach. However, its major limitations are inability to simultaneously define all 
the reactions occurring in the AD process [3] and Carbon nitrogen ratio imbalance. The model does not account for 
phosphorus modeling while its stoichiometry also focuses more on catabolic than anabolic [4] metabolism processes 
and these limit its suitability to all organic wastes. Notwithstanding the aforementioned shortcomings, ADM1 has been 
widely used directly or modified to predict the AD processes of many substrates.
        AD process simulation model using commercial software represents difficulties due to complex, kinetics and 
interactions of microorganisms during digestion process. Nevertheless, few attempts had been made to use AP for 
simulation of AD processes using either ADM 1 approach or simplified Busweell equation. Energy recovery from 
food waste fraction of the municipal solid wastes through AD was studied by Nguyen et al [20]. The digestion process 
was presumed to follow Buswell equation and its stoichiometry is implemented in AP. The study concludes that energy 
recovery from food waste through AD can produce 45 GWh of electricity from the food waste fraction of Vietnam’s 
municipal solid waste. Similarly, Hoffmann et al [21] studied a conceptual integrated bio-refinery system comprises 
of biogas, methane upgrading, hydrogen and bio-crude units using AP.  Proximate and ultimate composition of the 
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cattle manure feedstock were used as the input to the RYIELD reactor of the AP. The study indicated that from 1000 
kg/h biomass input, about 30-38 kg/h of biodiesel can be obtained from the digestate in addition to 38-61kg/h of 
biogas. AD was also studied as part of an integrated biomass based cogeneration power plant by Loeser and Redfern 
[22]. The reactor was modelled with the AP RYIELDS and a proportional conversion of intake biomass to biogas was 
assumed. Thus, microbial reactions were not considered. 
A complete simulation of AD process using AP was carried out by Peris [23] based on ADM 1. To model the 
temperature dependent of the process, activation energy of bio-reactions were calculated from power laws using kinetic 
constants. Inhibitions and parameters controls were modelled. However, hydrolytic step was omitted and it was 
assumed perfect for the hydrolyzed bioethanol waste used as feedstocks. One of the major limitations of ADM1, as 
mentioned previously, is its inability to account for the mass balance of carbon nitrogen ratio which affects it 
accurateness for high nitrogen feedstock like food waste. Hence, Nguyen et al [20] added acetate oxidation pathway 
to ADM1 to reduce impact of ammonia inhibition and the modified process was implemented in AP which gives a 
better prediction of methane production when compared with experimental values. 
Nomenclature
AD Anaerobic Digestion
AP Aspen Plus
BMP Bio methane potential, ml CH4/g VS
cpw Specific heat capacity of water kJ/kgoC
CSTR Continuously-stirred Tank Reactor 
d (days) 
HRT Hydraulic retention time, days
H Enthalpy of steam (kJ/kg)
h Enthalpy of water (kJ/kg)
l litres
mw      mass flow rate kg/h
M Cumulative biogas production, l/(g VS) at any time t 
n Number of moles of gas 
OLR Organic Loading Rate, gVS/L-d
P Biogas yield potential, l/(g VS) 
p Absolute pressure of gas, kPa 
q Mass flow units (kg/h)
qtr Transient heat transmission, kW/R2
Qcon   Heat for condensation kJ/h
r radius, m
R Universal gas constant, 8.3145 L kPa/K · mol 
SMY Specific bio methane yield, mL CH4/g VS added 
t Time at which cumulative biogas production M is calculated, d
V Volume (ml)
VFA Volatile Fatty Acids, mg/l
VS   Volatile Solids, %
VSS Volatile Suspended Solids, %
WDG Wet Distillers Grains
∆T       change in temperature oC
 Heat transfer coefficient (W/(m² K))
λ                           Duration of lag phase, day
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2. Materials and Methods
Lab scale continuous reactors were ran at different conditions in order to determine which condition could be 
suitable for biogas production. The biogas could then replace partially or totally the fossil fuels currently being used.  
During these experiments, the option of using residual heat from the process was also explored. One of the conditions 
evaluated was to run the anaerobic digestor with a higher temperature (thermophilic) to assess if this had a positive 
impact on the overall energy use. This study has considered the concepts of generating a more environmentally 
friendly fuel using solely the bio-waste in combination with the waste heat from a microbrewery. A system to 
optimally integrate AD technology with a gas burner to utilize the bio-waste directly from the production to energy 
for the plant was studied. An Aspen Plus modelling is then developed using the experimental procedure and results 
for model calibration, verification and validation. 
2.1 Case Study
The brewery investigated is a micro-brewery located in the North East of UK. Its operation is on a batch production 
process with the average energy demand indicated in the Table 1. The amount of solid waste produced sums up to 
roughly 1100 tons per year consisting of around 90% grains and about 10 % of hops and a small quantity of yeast. 
The wastes are disposed at around 60⁰C which can be used to run a thermophilic system without requiring a large 
amount of energy input. Interestingly, from energy audit, it was understood that process waste heat are sufficiently 
available to run an AD system at thermophilic conditions. The waste is currently being given to a local farmer as 
animal feed free of charge. This study therefore evaluates the technical feasibility of biogas recovery from this waste 
through AD process and using same as fuel input to a steam generation boiler currently being fueled with heating oil.
Table 1. Energy demand for the brewing process.
An example of a column heading Brewing
Electricity Demand (MWhe/a) 120.0
Thermal energy demand (MWhth/a) 524.0
2.2 Experimental set up
Four 5 L CSTR lab-scale (Quickfit Scilabware, UK)   batch reactors. Two reactors were operated at mesophilic 
conditions (35±1 ⁰C) while another two reactors were ran at thermophilic conditions (55±1 ⁰C) using heating jackets 
to maintain the temperatures. The hydraulic retention time (HRT) was set at 25 days. Thus, the daily organic loading 
rate (OLR) was determined to be 5gVS/d. Consequently, 200 ml of mixed liquor volatile suspended solids was 
withdrawn daily and replaced with 200 ml of the daily feed. The feed was prepared on a regular basis: every 72 hours. 
The determination of the amount of the feed was done using the total solid (TS) and volatile solids (VS) values that 
were taken weekly.
2.3 Simulation model using Aspen Plus
The model simulation divides AD process into two reaction sets: Hydrolysis reaction which operates on the basis 
of the degree of reaction and is the ratio conversion of reactants to products on the scale of 0.0-1.0 with 1 represents 
100 percent conversion. Thus, output of this reaction set serves as input to the next reaction sets. This stage is simulated 
with the stoichiometric reactor (RST) of AP which is recommended when reaction stoichiometry is known but kinetic 
rate is considered unimportant [19]. Temperature, TS and proximate compositions of VS are the inputs of the RST. 
The second reaction sets represent acidogenic, acetogenic and methanogenesis steps of AD process. It is kinetic-based. 
Acidogenic reaction is characterised by dextrose and glycerol reactions while oleic, propionic, butyric, valeric, linoleic 
and palmitic acids reactions symbolise acetogenic stage. Finally, acetic acid and hydrogen reactions are used to denote 
methanogenic step. This stage is modelled with the continuous stir tank reactor (CSTR) of AP while the reaction 
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kinetics are coded in FORTRAN and implemented via Aspen calculator blocks. Reactor size, temperature, organic 
loading rates and hydraulic retention times are 5L, 55 ⁰C, 200 ml/day (5gVS/d) and 25 days respectively are the input 
to the CSTR.
NRTL (Non-Random Two-Liquid model) was selected as the property method as it compares and estimates the 
mole fractions and activity coefficients of different mixtures. It also has the ability to enable the liquid and the gas 
phase in the biogas process.
Fig. 1. Aspen Plus model of AD process.
The Aspen model of the burner is illustrated in the Figure 2. The oil burner is first modelled and validated with 
the technical data from Fulton 20E boiler manufacturer. The fuel is then replaced with biogas. The steam boiler 
modelling is split into two: 1) combustion and 2) steam generation.
Fig. 2. Burner simulation model using Aspen Plus.
For the combustion process, the oil is modelled as paraffin 60%; cycloalkane 30%; benzene 7% and 3% styrene. It 
is pressurized to the working pressure of 10.6 bar which atomized the fuel and this is achieved using pressure valve 
(PRESVAL). A blower is also used to draw the atmospheric air into the combustion chamber and a calculator is used 
to synchronize its pressure with that of fuel. Besides, the composition of the fuel is to be varied to access the effect of 
biogas purity on energy production. A calculator block: SET-AFLO is therefore used to automatically adjust the 
airflow required for the complete combustion of the fuel. The amount of the stoichiometric oxygen is evaluated from 
the combustion reaction while both excess and percentage composition of oxygen in the air is catered for using 
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kinetics are coded in FORTRAN and implemented via Aspen calculator blocks. Reactor size, temperature, organic 
loading rates and hydraulic retention times are 5L, 55 ⁰C, 200 ml/day (5gVS/d) and 25 days respectively are the input 
to the CSTR.
NRTL (Non-Random Two-Liquid model) was selected as the property method as it compares and estimates the 
mole fractions and activity coefficients of different mixtures. It also has the ability to enable the liquid and the gas 
phase in the biogas process.
Fig. 1. Aspen Plus model of AD process.
The Aspen model of the burner is illustrated in the Figure 2. The oil burner is first modelled and validated with 
the technical data from Fulton 20E boiler manufacturer. The fuel is then replaced with biogas. The steam boiler 
modelling is split into two: 1) combustion and 2) steam generation.
Fig. 2. Burner simulation model using Aspen Plus.
For the combustion process, the oil is modelled as paraffin 60%; cycloalkane 30%; benzene 7% and 3% styrene. It 
is pressurized to the working pressure of 10.6 bar which atomized the fuel and this is achieved using pressure valve 
(PRESVAL). A blower is also used to draw the atmospheric air into the combustion chamber and a calculator is used 
to synchronize its pressure with that of fuel. Besides, the composition of the fuel is to be varied to access the effect of 
biogas purity on energy production. A calculator block: SET-AFLO is therefore used to automatically adjust the 
airflow required for the complete combustion of the fuel. The amount of the stoichiometric oxygen is evaluated from 
the combustion reaction while both excess and percentage composition of oxygen in the air is catered for using 
equation 1
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Where Nair is the required oxygen, 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 is the stoichiometry oxygen, Fexcess is the excess oxygen required for 
complete combustion and XO2 represents the percentage of oxygen in the air. The equation is implemented in the 
calculator block using FORTRAN. Since all the reaction products are known, R-Gibbs reactor of Aspen Plus is used 
which minimizes the Gibbs free energy to evaluate the products distribution that satisfy material balance, energy 
balance and chemical equilibrium boundaries. The combustion chamber is modelled as both adiabatic and isobaric 
processes while Peng-Robinson property method is used to calculate the thermodynamic property of the system.
3. Results and discussion
Both mesophilic (M1) (35⁰C) and thermophilic (T1) (55⁰C) CSTR’s were operated continuously for a period of 
over 100 days. Acclimation of digesters was conducted at an OLR of 2 g VS/d for 15 days and then 3 gVS/L-d for 15 
more days. The results shown were taken once the system reached steady state during the 3rd HRT as presented in the 
Table 2
Table 2. Experimental results
Parameter M1 T1
biogas production (l/d) 3.0 2.6
CH4 content (%)
CH4 production (l/d)
Specific biogas production (l/gVS)
Specific CH4 production (ml/gVS)
55.0
1.6
0.6
326.1
65.0
1.7
0.5
356.1
The result of the modelling at thermophilic condition is presented in the Table 3. The model is in good agreement 
with experimental values for biogas production. It only under predicts specific biogas production by -3.7%. A 10% 
difference was reported normal for laboratory experiment while as much as 25% may be acceptable for the industrial 
processes [4]. However, the model poorly predicts biogas composition. It underestimated methane production by -
28%. Nevertheless, since the underpinning objective of the model is more on the prediction of biogas production 
rather than biogas composition this was acceptable. 
Table 3. Thermophilic production of biogas.
Experimental Simulation % difference                    
Particulars Thermophilic Thermophilic -
Temperature C 55 55 -
Daily loading rate (l) 0.2 0.2 -
Digester volume (M3) 0.005 0.005 -
OLR (gvs/day) 5 5 -
HRT (days) 25 25 -
Percentage methane 65% 46.75 -28.07
Biogas  production (l/d) 2.697 2.512 -6.85
Specific biogas production (l/gVS) 0.5394 0.5024 -3.7
Similarly, the model perfectly estimates biogas production at mesophilic temperature as indicated in the Table 4. 
However, it is unable to predict the biogas composition. The trend is similar to thermophilic process. Methane 
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composition is over-predicted by 16.36%. 
Table 4. Mesophilic production of biogas.
Experimental Simulation % difference
Particulars Mesophilic Mesophilic -
Temperature C 35 35 -
Daily loading rate (l) 0.2 0.2 -
Digester volume (M3) 0.005 0.005 -
OLR (gVSday-1) 5 5 -
HRT (days) 25 25 -
Percentage methane (%) 55 64 +16.36
Biogas  production (l/d) 3.00375 3.00352 -0.0078
Specific biogas production (l/gVS) 0.60075 0.60070 -0.0083
Since the model is able to estimate biogas production, it is then scaled-up to evaluate daily biogas production from 
the 1500 kg/day of the brewery spent grain currently being generated by the brewery. Thermophilic process is 
recommended due to higher energy content and lesser challenges of its digestate handling compared to the mesophilic 
process. At the same OLR of 5 gVSday-1 ; 14.4 m3/day of BSG can be digested in a 360 m3 CSTR to produce 452.62
m3/day and 213.33 m3/day of biogas at thermophilic and mesophilic condition respectively.
Finally the results of the simulation of the boiler using the biogas as fuel are presented in the Table 5 with the 
model able to perfectly predict most of the parameters. The highest deviation was observed for the boiler duty which 
was over-predicted by 2.5%.
Table 5. Results and validation of the boiler.
Specification Simulation % difference
Duty (kW) 200 205 +2.5
Efficiency (%) 80 80.34 +0.4
Steam output (kg/h) 320 318.2 -0.5
Flue temperature (oC) 310 310 0.0
Working pressure 10.3 10.3 0.0
Fuel flow (l/h) 23.5 23.5 0.0
4. Conclusions
The results from this study indicated that 184 m3/day and 163 m3/day of biogas can be produced from 1500 kg/day 
of the brewery spent grain via mesophilic and thermophilic processes respectively. However, thermophilic process is 
suggested due to its higher energy content as well as availability of low-grade process heat that can be used for the 
AD process. The produced biogas can replace up to 65% of heating oil currently being used for the steam boiler. 
Meanwhile, mono digestion of hops does not indicate good operation at the conditions evaluated. Its co-digestion with 
the grain is therefore recommended to explore possibilities of a 100% reuse of generated waste. The economic 
feasibility study of the system in context of the current Renewable Heat Incentive of the UK is also suggested. 
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composition is over-predicted by 16.36%. 
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Since the model is able to estimate biogas production, it is then scaled-up to evaluate daily biogas production from 
the 1500 kg/day of the brewery spent grain currently being generated by the brewery. Thermophilic process is 
recommended due to higher energy content and lesser challenges of its digestate handling compared to the mesophilic 
process. At the same OLR of 5 gVSday-1 ; 14.4 m3/day of BSG can be digested in a 360 m3 CSTR to produce 452.62
m3/day and 213.33 m3/day of biogas at thermophilic and mesophilic condition respectively.
Finally the results of the simulation of the boiler using the biogas as fuel are presented in the Table 5 with the 
model able to perfectly predict most of the parameters. The highest deviation was observed for the boiler duty which 
was over-predicted by 2.5%.
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4. Conclusions
The results from this study indicated that 184 m3/day and 163 m3/day of biogas can be produced from 1500 kg/day 
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suggested due to its higher energy content as well as availability of low-grade process heat that can be used for the 
AD process. The produced biogas can replace up to 65% of heating oil currently being used for the steam boiler. 
Meanwhile, mono digestion of hops does not indicate good operation at the conditions evaluated. Its co-digestion with 
the grain is therefore recommended to explore possibilities of a 100% reuse of generated waste. The economic 
feasibility study of the system in context of the current Renewable Heat Incentive of the UK is also suggested. 
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